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SUMMARY 

The vapor-screen technique ;or f low v i s u a l i z a t i o n  i n  t h e  Langley Unitary Plan 
Wind Tunnel (UPWT) is  presented wi th  a d e s c r i p t i o n  of t h e  l i g h t  sources  and photo- 
g raph ic  equipment used. The tests were conducted with a v a r i a t i o n  i n  l i g h t i n g ,  cam- 
e r a  s e t t i n g ,  and vapor d e n s i t i e s  t o  determine t h e  c o n d i t i o n s  requ i red  i n  t h e  UPWT co 
o b t a i n  high-qual i ty  vapor-screen photographs. Mach number was var ied  from 1.47 t o  
4.63 a t  ang les  of a t t a c k  cp  t o  35O. 

Typical  vapor-screen photographs of va r ious  flow p a t t e r n s  a r e  presented t o  
i l l u s t r a t e  both  t h e  q u a l i t y  of t h e  photographs and how they a r e  used i n  flow ana l -  
ys i s .  The use  of t h e  vapor-screen technique i n  t h e  UPWT is a valuable  t o o l  f o r  f low 
v i s u a l i z a t i o n  i n  t h e  supersonic  speed range. Accurate measurements of shocks and 
vor tex  l o c a t i o n s  have been obta ined,  and d i r e c t  cornparidon wi th  t h e o r e t i c a l  ca lcu- 
l a t i o n s  of t h e  shock and vor tex  p a t t e r n s  i s  poss ib le .  

INTRODUCTION 

The vapor-screen technique of f low v i s u a l i z a t i o n  has  served a s  a valuable  diag-  
n o s t i c  t o o l  i n  t h e  s tudy  of flow f i e l d s  a t  superson ic  speeds f o r  t h r e e  decades 
( r e f s .  1 t o  3).  Recognit ion of t h e  merits of t h i s  technique has  l e d  t o  numerous 
ref inements  i n  a n  e f f o r t  t o  o b t a i n  h igher  q u a l i t y  vapor-screen photographs. Because 
t h e  vapor-screen technique i s  p a r t i c u l a r l y  u s e f u l  i n  t h e  s t u d y  o f  complex flow 
f i e l d s ,  such as those  of m i s s i l e s  a t  high ang le  of a t t a c k  and wing leading-edge 
v o r t i c e s  a t  supersonic  e x e d s ,  improvements i n  t h e  vapor-screen technique were under- 
taken i n  t h e  Langley Uni tary  Plan Wind Tunnel (UFWT). Vapor-screen photographs 
obta ined dur ing t h i s  development s t a g e  are presented i n  r e f e r e n c e s  4 t o  8. 

Vapor-screen experiments a r e  conducted i n  t h e  UPWT i n  a manner s i m i l a r  t o  t h a t  
used f o r  o t h e r  wind-tunnel t e s t s  excep t  t h a t  a c o n t r o l l e d  amount of water is added t o  
t h e  tunne l  flow. This water condenses (and p o s s i b l y  f r e e z e s  i n t o  i c e  c r y s t a l s )  t o  
form a t h i n ,  uniformly d i s t r i b u t e d  fog. h i s  f o g  i s  then  i l lumina ted  by a narrow 
s h e e t  of l i g h t  t h a t  is pro jec ted  through the tunne i  pe rpend icu la r  t o  t h e  free-stream 
flow. The presence of the model i n  t h e  f low f i e l d  a l t e r s  t h e  uniform d i s t r i b u t i o n  o f  
fog  and, consequently,  t h e  degree  of i l lumina t ion .  h e  r e s u l t s  a r e  d i s t i n c t  flow 
p a t t e r n s  t h a t  a r e  v i s i b l e  on t h e  i l lumina ted  fog  s h e e t .  This s h e e t  of i l lumina ted  
fog  o r  condensate is commonly r e f e r r e d  t o  a s  a "vaporr sc reen ,  a l though vapor would 
not be v i s i b l e ;  never the less ,  t h i s  mis~omer  w i l l  be continued i n  t h i s  paper.  

The purpose of t h e  p r e s e n t  paper i s  t o  provide a d e s c r i p t i o n  of t h e  vapor-screen 
technique as developed f o r  use  i n  t h e  UPWT and t o  p r e s e n t  t y p i c a l  vapor-screen photo- 
graphs f o r  var ious  t e s t  cond i t ions  and system parameters.  Severa l  examples a r e  pre- 
sented i n  which vapor-screen r e s u l t s  have c o n t r i b u t e d  t o  t h e  unders tanding of complex 
flow f i e l d s  and have provided a b a s i s  f o r  t h e o r e t i c a l  c a l c u l a t i o n s .  
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SYMBOLS 

C~ 
p r e s s u r e  c o e f f i c i e n t  

I model re fe rence  body length ,  in .  

M f ree-s tream Mach number 

P t  tunne l  s t a g n a t i o n  p ressure ,  atm 

R Reynolds number p e r  f o o t  

T temperature,  OF 

Tdp,atm dew p o i n t  c o r r e c t e d  t o  s t andard  atmospheric p ressure ,  O F  

T dew p o i n t  c o r r e c t e d  t o  f ree-stream s t a t i c  p r e s s u r e ,  O F  
dP too 

Tt s t a g n a t i o n  temperature,  O F  

T 
OD 

t e s t - s e c t i o n  s t a t i c  temperature,  O F  

t camera exposure time, s e c  

x l o n g i t u d i n a l  s t a t i o n  measured from model nose, i n .  

a ang le  of a t t a c k ,  deg 

0 f r a c t i o n  of l o c a l  wing s e d s p a n  

A LE 
leading-edge sweep angle ,  deg 

4 model r o l l  angle ,  deg 

APPARATUS AND PROCEDURE 

F a c i l i t y  

The vapor-screen t e s t s  were conducted i n  t h e  Langley Unitary Plan Wind Tunnel 
(UEWT) i n  both t e s t  s e c t i o n  1 wi th  a Mach number range from 1.47 t o  2.86 and t e s t  
s e c t i o n  2 with a Mach number range from 2.30 t o  4.63. A schematic drawing of t h e  
f a c i l i t y  is  shown i n  f i g u r e  1. This tunne l ,  which is a continuous-flow f a c i l i t y  wi th  
two 4- f t  by 4-f t  by 7-f t  test s e c t i o n s ,  is desc r ibed  i n  r e f e r e n c e  9. The vapor- 
sc reen  test technique is s i m i l a r  t o  those  developed p rev ious ly  i n  t h e  former Langley 
&Foot Supersonic Pressure  Tunnel ( r e f .  2) and i n  o t h e r  f a c i l i t i e s .  

General Tes t  Procedure 

A ske tch  of t h e  appara tus  used i n  t h e  UEWT vapor-screen s e t u p  i s  shown i n  f i g -  
u r e  2 ( a ) .  The h igh- in tens i ty  l i g h t  source  is mounted o u t s i d e  t h e  t e s t  s e c t i o n  and 
pos i t ioned  t o  p r o j e c t  a s h e e t  of l i g h t  pe rpend icu la r  t o  t h e  t u n n e l  flow. Cameras may 
be pos i t ioned  o u t s i d e  t h e  tunne l  and/or mounted i n s i d e  t h e  test s e c t i o n  t o  photograph 
t h e  vapor-screen flow p a t t e r n  from e i t h e r  p o s i t i o n  ( f i g .  2( b ) 1. D e t a i l s  of t h e  



1000-W mercury-vapor lamp assembly a r e  provided i n  f i g u r e  2(c). Photographs showing 
t h e  i n s i d e  camera and t y p i c a l  models ready f o r  t e s t s  i n  both  the  low Mach number test 
s e c t i o n  and t h e  high Mach number t e s t  s e c t i o n  a r e  presented as f i g u r e s  3 ( a )  and 3 ( b ) ,  
r e s p e c t i v e l y .  

The model t o  be t e s t e d  i s  p a i n t e d  wi th  a f l a t  black p a i n t  t o  reduce t h e  . - lare  
from t h e  l i g h t s ,  and re fe rence  marks a r e  pa in ted  on t h e  model a t  s t a t i o n s  whele 
photographs a r e  t o  be taken. P r io r  t o  t h e  t e s t ,  t h e  cameras a r e  s e t  up and focused 
by us ing a t a r g e t  loca ted  a t  t h e  a x i a l  p o s i t i o n  of t h e  l i g h t  screen.  For a t y p i c a l  
t e s t ,  water is i n j e c t e d  i n t o  the  tunne l  downstream of t h e  test s e c t i o n  ( s e e  fic,. 1) 
t o  produce the  required fog  densi ty .  

The main s t i n g  suppor t  system i n  t h e  tunnel ,  which provides  angle-of-attack 
v a r i a t i o n ,  a l s o  a l lows t h e  model t o  be r o l l e d  and pos i t ioned  long i tud ina l ly .  Af te r  
t h e  vapor sc reen  has  been e s t a b l i s h e d ,  t h e  model i s  pos i t ioned  a t  va r ious  l o c a t i o n s  
r e l a t i v e  t o  t h e  vapor sc reen  by movement of t h e  model l o n g i t u d i n a l l y ,  i n  angle  of 
a t t a c k ,  o r  i n  r o l l  by us ing  t h e  s t i n g  suppor t  system. This procedure thus  a l lows  
photographs t o  be made a long t h e  e n t i r e  l eng th  of the  model through a wide range o f  
ang le  of a t t a c k  and r o l l  s o  t h a t  an o v e r a l l  v i e r  of t h e  flow p a t t e r n  may be ob ta ined  
wi thout  changing t h e  p o s i t i o n  of t h e  c a r e r a  r e l a t i v e  t o  the  l i g h t s .  

Photograpi~ic  Equipment 

The photographic equipment used i n  the  c u r r e n t  vapor-screen system a t  t h e  UPWT 
i s  a remote-controlled 70-mm s ing le - lens  r e f l e x  camera wi th  an 80-mm f/2.8 p l a n a r  
lens .  A ba t te ry -opera ted  motor, which i s  an  i n t e g r a l  p a r t  of t h e  camera, automat i -  
c a l l y  advances t h e  f i l m  and cocks t h e  s h u t t e r .  The camera magazine i s  designed t o  
t ake  up t o  15 f t  of casset te- loaded 70-mm f i lm,  which provides  f o r  about  70 photo- 
graphs per r o l l .  An ASA 400 f i l m  is  normally used. 

The camera loca ted  i n s i d e  t h e  tunne l  ( f i g .  2 ( b )  1 is housed i n  a metal  box wi th  a 
p l a t e - g l a s s  wir.dow 0.25 in .  th ick  t o  p r o t e c t  t h e  camera lens .  The u n i t  i s  supported 
from the  t o p  cf t h e  tunnel  by a 2-in-diameter metal  tube.  I n  t h e  e a r l y  s t a g e s  of t h e  
development of t h e  system it was discovered t h a t  temperature  i n c r e a s e s  i n s i d e  t h e  box 
could cause camera malfunctions.  These problems were a l l e v i a t e d  when moisture- 
c o n t r o l l e d  coo l ing  a i r  was i n j e c t e d  i n t o  t h e  housing t o  p reven t  t h e  camera from over- 
heat ing.  A remote-control exposure device  was designed and b u i l t  f o r  use on t h e  
i n s i d e  tunne l  camera t h a t  al lowed exposure time s e t t i n g s  from 1/15 t o  1 sec. I n  
a d d i t i o n ,  a smal l  r ed  i n d i c a t o r  l i g h t  w a s  b u i l t  i n t o  t h e  camera remote-control  t imer  
t o  confirm s u c c e s s f u l  s h u t t e r  operat ion.  This  f e a t u r e  a l lows  t h e  opera to r  t o  a b o r t  
tunnel  runs  a t  t h e  f i r s t  s i g n a l  of camera f a i l u r e ,  thereby sav ing  cons iderab le  t u n n e l  
opera t ion  t i m e .  The camera loca ted  o u t s i d e  t h e  kunnel is mounted on a t e s t - s e c t i o n  
window support  bar  and uses  a mirror  t o  o b t a i n  a wider f i e l d  of view through t h e  
t e s t - s e c t i o n  window bars  ( f i g .  2(b  1 1. 

A s e r i e s  of t e s t s  were conducted wi th  d i f f e r e n t  camera exposure times and aper-  
t u r e  s e t t i n g s .  Vapor-screen photographs w i l l  be shown and d i scussed  subsequent ly  
t h a t  i n d i c a t e  which times and s e t t i n g s  produced t h e  b e s t  results. 

Light-Source System 

In  o rder  t o  produce a good vapor-screen photograph, t h e  l i g h t  source  must pro- 
v ide  an i n t e n s e  beam of l i g h t  wi th  a very narrow width. This s h e e t  of l i g h t  should  



be we l l -de f ined  w i t h  s h a r p  edges  and very  l i t t l e  s t r a y  l i g h t .  To prov ide  t h e s e  cha r -  
a c t e r i s t i c s ,  t h e  l i g h t  s o u r c e  used  f o r  most of  t h e s e  t e s t s  c o n s i s t e d  o f  two 
1000-W mercury-vapor lamp a s s e m b l i e s  and t h e i r  r e l a t e d  power s u p p l i e s .  Each 5-  by 
10-in. metal box encases  a b u l b  and a n  a d j u s t a b l e  1.5-in-diameter  p a r a l l a x  c y l i n d r i -  
ca l  l e n s  and k n i f e  edge ( f i g .  2 ( c  1 1. The k n i f e  edges  a r e  l o c a t e d  j u s t  forward  of  t h e  
bu lb  i n  each  asasmbly and can be a d j u s t e d  to  vary  t h e  i n t e c s i t y  o f  t h e  l i g h t  e m i t t e d  
from t h e  bulb. In  combinat ion  w i t h  t h e  a d j u s t a b l e  p a r a l l a x  l e n s ,  a  v e r t i c a l  l i g h t  
s c r e e n  o f  p r o p e r  i n t e n s i t y  a l ~ d  width  (1/4 i n .  1 can be ob ta ined .  

In  a d d i t i o n  t o  t h e  tests w i t h  t h e  mercury-vapor lamp s e t u p ,  a few tests were 
made by u s i n g  a 15-mW helium-neon l a s e r  l i g h t  s o u r c e  and a 4-W argon-ion v a r i a b l e -  
power l a s e r .  The l a s e r  p r o j e c t e d  a  l i g h t  beam 0.125 in .  i n  d i ame te r  and was fanned 
o u t  a c r o s s  t h e  t u n n e l  w i th  a  0.15-in-diameter  g l a s s  rod  mounted i n  f r o n t  of  t h e  laser 
beam. 

Water-In j e c t i o n  System 

To e s t a b l i s h  a  "vapor" s c r e e n  f o r  photocjraphy, t h e  wa te r  i n j e c t e d  i n t o  t h e  tun -  
n e l  must be c a r e f u l l y  c o n t r o l i e d  t o  p rov ide  a  f o g  d e n s i t y  s u f f i c i e n t  t o  s c a t t e r  t h e  
l i g h t  w i thou t  be ing  t o o  dense  t o  d i f f u s e  t h e  s c a t t e r e d  l i g h t .  Con t ro l  o f  t h e  mois- 
t u r e  w i t h i n  t h e  t u n n e l  c i r c u i t  is mainta ined  w i t h  t h e  d r y - a i r  i n b l e e d  and o u t b l e e d  
system ( d e s c r i b e d  i n  r e f .  9 )  i n  c o n j u n c t i o n  w i t h  a w a t e r - i n j e c t i o n  system. The 
w a t e r - i n j e c t i o n  system c o n s i s t s  o f  a  s i n g l e  o r i f i c e  i n  t h e  t o p  w a l l  o f  t h e  d i f f u s e r  
s e c t i o n  of each  test  s e c t i o n .  For a l l  t u n n e l  o p e r a t i n g  c o n d i t i o n s ,  t h e  s t a t i c  p r e s -  
s u r e  i n s i d e  t h e  t u n n e l  a t  t h e  w a t e r - i n j e c t i o n  s t a t i o n  is  w e l l  below a tmosphe r i c  p r e s -  
s u r e .  The water  is, t h e r e f o r e ,  i n j e c t e d  i n  c o n t r o l l e d  amounts by a  v a l v e  i n  t h e  
w a t e r l i n e  c o n ~ e c t e d  t o  a n  e x t e r n a l  r e s e r v o i r .  Depending on t h e  e x i s t i n g  m o i s t u r e  i n  
t h e  t u n n e l  c i r c u i t  and tes t  c o n d i t i o n s ,  a nominal  run  r e q u i r e s  abou t  3 t o  5  q t  o f  
w a t e r  t o  p rov ide  a vapor sc reen .  Once t h e  r e q u i r e d  dew p o i n t  i s  o b t a i n e d ,  w a t e r  d o e s  
n o t  have t o  be added a g a i n  f o r  s e v e r a l  minutes.  The condensa t e  is vapor i zed  i n  t h e  
t u n n e l  c i r c u i t  and recondensed i n  t h e  s u p e r s o n i c  nozzle .  

The mixture  o f  a i r  and wa te r  vapor i s  c o n t i n u o u s l y  sampled a t  t h e  q u i e s c e n t  
chamber f o r  each  tes t  s e c t i o n ,  and a dew-point i n s t r u m e n t  is  used  t o  moni tor  t h e  f o g  
d e n s i t y .  Although measurements are made a t  t u n n e l  s t a g n a t i o n  c o n d i t i o n s ,  a l l  dew- 
p o i n t  v a l u e s  a r e  c o r r e c t e d  t o  s t a n d a r d  a tmosphe r i c  p r e s s u r e s .  

Tunnel Cond i t ions  f o r  Optimum Screen  

Tunnel  f low c o n d i t i o n s  f o r  vapor-screen  photographs  ove r  t h e  Mach number range  
of  ~ o t h  t e s t  s e c t i o n s  of  t h e  UPWT a r e  p r e s e n t e d  i n  f i g u r e  4. T e s t  v a r ' - b l e s  a r e  
p r e s e n t e d  a t  s t a g n a t i o n  c o n d i t i o n s ,  w i t h  t h e  e x c e p t i o n  o f  dew-point v a l u e s  t h a t  have 
been c o r r e c t e d  t o  s t a n d a r d  a tmosphe r i c  c o n d i t i o n s .  The moi s tu re  c o n t e n t  cor respond-  
i n g  t o  t h e  range  of  dew-point v a l u e s  shown i n  f i g u r e  4 v a r i e s  from 2000 t o  8000 p a r t s  
p e r  m i l l i o n .  It is  s i g n i f i c a n t  t o  n o t e  t h a t  for t h e  lower Mach numbers, t h e  t u n n e l  
s t a g n a t i o n  t empera tu re  is w e l l  below t h e  s t a n d a r d  o p e r a t i n g  va lue  of 125OF f o r  t h e  
UPWT. (The s t a n d a r d  o p e r a t i n g  t empera tu re  i s  150°F f o r  Mach numbers above 3.8.) In  
f a c t ,  vapor s c r e e n s  a t  a Mach number of 1.5 canno t  - 'days be o b t a i n e d  because  o f  t h e  
r e q u i r e d  low t u n n e l  o p e r a t i n g  t empera tu re  t h a t  o f t e n  exceeds  t h e  l i m i t  o f  t h e  c o o l i n g  
tower o f  t h e  t u n n e l  on h o t ,  humid days. 



DISCUSSION OF RESULTS 

An ana lys i s  of the lower operat ing boundary f o r  acceptable fog dens i ty  f o r  good 
vapor-screen photographs has been made and the  r e s u l t s  a r e  presented i n  f i gu re  5. 
Water is added downstream of the test sec t ion  (see f i g .  1 )  and is f u l l y  vaporized i n  
the c i r c u i t  of the continuous-£ low f a c i l i t y .  The a i r s t ream is cooled during acce le r -  
a t i on  i n  the nozzle t o  supersonic speeds; however, it has been determined t h a t  a 
l a rge  amount of supersaturat ion is  required f o r  condensation. Hence, the  a i r s t ream 
must be cooled w e l l  below the s a tu ra t i on  temperature f o r  condensation t o  occur i n  the  
supersonic nozzle. For these  condi t ions,  condensation w i l l  occur suddenly and t h e  
la rge  amount of hea t  added t o  the 7ir during the condensation process w i l l  cause 
condensation shocks. 

Supercooling increments of about 80°F have been measured i n  s eve ra l  small  tun- 
ne ls  ( r e f .  1 0 ) .  For l a rge r  tunnels  with long test sec t ions ,  reference 10 suggests  
t h a t  a conservative supercooling increment would be 54OF. This value was v e r i f i e d  i n  
the UPWT by r a i s i n g  tunnel s tagna t ion  temperature t o  the condi t ion a t  which the  
vapor-screen condensate was no longer v i s ib l e .  The screen typ i ca l l y  disappeared a s  
tes t - sec t ion  s t a t i c  temperatures approached a value approximately 54OF below computed 
sa tu ra t i on  temperatures. The tes t - sec t ion  s t a t i c  temperature T p lus  t he  super- 
cooling increment of 54'F ( t h a t  is, T + 54OF) has been ~ l o t t e d ~ t o  show the  lower 
condensation boundaries a t  tunnel  s tagna t ion  temperatures T of 9S°F and 125OF 
( f ig .  5 ) .  Ib the  r i g h t  of these curves,  s u f f i c i e n t  supercooling is  ava i l ab l e  t o  
condense water vapor from the  airstream. Also shown i n  f i gu re  5 a r e  measured dew 
points  adjusted t o  free-stream s t a t i c  pressure t h a t  provide optimum vapor screens f o r  
the  UPWT. For g rea t e r  values of Tdp the  fog is  too dense; and f o r  lower values 

Td , w ,  the  fog is  too thin.  As shown i n  f i gu re  5, the minimum t e s t  Mach number 
fo r  obfaining optimum vapor screens a t  the  s tandard operat ing temperature, 
Tt = 125OF, i s  approximately 1.7. A t  the UPWT low operat ing l i m i t  of Tt = 95OF, 
optimum vapor screens can be obtained a t  M = 1.5. 

Water-vapor condensation obviously a f f e c t s  the free-stream condi t ion i n  the t e s t  
sect ion.  This r a i s e s  the quest ion of the v a l i d i t y  of comparing vapor-screen r e s u l t s  
with other  da ta ,  such a s  force and moment data  obtained a t  dry tunnel condi'-ions. 

Condensation a t  supersonic speeds is accompanied by a stagnat,ion-pressure l o s s  
and a decrease i n  Mach number a t  the condensation shock. Orders of magnitude of 
these  e f f e c t s  a r e  presented i n  references 9 and 10. A t  Mach 2.0, f o r  example, it is 
estimated t h a t  s tagnat ion pressure is reduced 5 percent ,  Mach number is  reduced by 
0.05, and s t a t i c  pressure is increased by 4 percent. However, it i s  f e l t  t h a t  e r r o r s  
of t h i s  magnitude w i l l  no t  a f f e c t  t he  i n t e r p r e t a t i o n  of vapor-screen photographs. 
Typical measurements of normal-force c o e f f i c i e n t s  obtained a t  dry tunnel  condi t ions 
vary about 5 percent  when compared with force  data  obtained during vapor-screen 
t e s t s .  Therefore, va l id  forces  and moments cannot be obtained during a vapor-screen 
test: a dupl ica te  t e s t  is required a t  dry tunnel conditions.  

Ef fec t  of Light-Source Location and Camera Se t t i ngs  

The e f f e c t  of l ight-source loca t ion  with r e spec t  t o  the camera was t e s t ed  and i s  
shown i n  a s e r i e s  of photographs ( f i g .  6 ) .  A comparison of the  photographs i nd i ca t e s  
t h a t  no la rge  d i f f e ~ e n c e s  i n  photograph q u a l i t y  were obtained because of l ight-source 
loca t ion  when using the  1000-W mercury l i g h t  source. However, the  photographs taken 
w i t h  the s ing l e  l i g h t  mounted on the  same s ide  a s  the camera ( f i g .  6 ( a ) )  provide a 
more des i rab le  vapor-screen p i c tu re  because t h i s  technique e l imina tes  the  dark shadow 



c a s t  by tllc s i n g l e  l i g h t  source  when t h e  camera i s  mounted on t h e  o p p o s i t e  s i d e  of 
the  tunne l  ( f i g .  6 ( b )  ). The photographs of f i g u r e  6 ( c )  may have a s l i g h t l y  improved 
i,nage a h t s i l  because of t h e  i n c r e a s e  i n  l i g h t  i n t e n s i t y ,  b u t  t h e  shadow e f f e c t  i s  
only  p a r t i a l l y  e l imina ted  by t h e  a d d i t i o n  of t h e  second l i g h t  (one l i g h t  on each s i d e  
of t h e  t u n n e l ) .  The al ignment and s e t u p  time of t h e  two l i g h t s  on o p p o s i t e  s i d e s  of 
t h e  tunne l  were found t o  be more time-consuming. T e s t s  with both  l i g h t s  mounted a s  a 
u n i t  on t h e  same s i d e  of the  tunne l  gave good o v e r a l l  r e s u l t s  and r e q u i r e d  minimum 
s e t u p  time f o r  r e g u l a r  day-to-day o p e r a t i c n .  

During tests wi th  t h e  15-mW helium-neon l a s e r  l i g h t  source ,  very s h a r p  images on 
t h e  vapor s c r e e n  were obta ined;  b u t  t h e  camera exposure t ime had t o  be inc reased  t o  
about  4 s e c  ( f i g .  7 ) .  Because of model dynamics, the  long exposure time r e s u l t e d  i n  
a b l u r r i n g  of the  vapor-screen image. I n  a n  e f f o r t  t o  i n c r e a s e  t h e  l i g h t  l e v e l ,  
tests were conducted by us ing a l a r g e r  4-W argon-ion ( ~ r + )  variable-power l a s e r .  
Photographs obta ined a t  M = 4.5 us ing  t h e  more powerful l a s e r  a r e  shown i n  f i g -  
u r e  8. Camera exposure time requ i red  f o r  t h e s e  photographs was cons ide rab ly  l e s s ,  
1/8 t o  1/2 s e c ,  and t h e  d e t a i l  appears  b e t t e r  than i n  t h e  photographs obt,ained wi th  
e i t h e r  t h e  small l a s e r  o r  t h e  1000-W mercury vapor lamps. Addi t iona l  t e s t s  us ing  t h e  
l a r g e  l a s e r  l i g h t  have been planned t o  e v a l u a t e  i t s  p o t e n t i a l  more f u l l y ;  any  
advantages must be  weighed, however, a g a i n s t  t h e  inc reased  c o s t  and i t s  very 
r e s t r i c t i v e  o p e r a t i o n  because of its l a r g e  s i z e  and t h e  e l a b o r a t e  s a f e t y  p r e c a u t i o n s  
required.  

A camera exposure time of 1/4 s e c  and a n  f/2.8 a p e r t u r e  s e t t i n g ,  a long  wi th  two 
1000-W mercury-vapor l i g h t  sources  mounted on t h e  same s i d e  of t h e  tunne l  a s  t h e  
camera, were s e l e c t e d  a s  the  optimum s e t u p  f o r  t h e  vapor-screen photographs p resen ted  . 
i n  t h i s  paiper. I 

E f f e c t  of Varying Fog Density 

Examples of t h e  e f f e c t  of fog  d e n s i t y  on the  vapor-screen photographs are shown 
i n  f i g u r e  9 a t  M = 2- 35 and R = 2.0 x 106 p e r  foo t .  A t  t u n n e l  dew p o i n t s  from 5OF : 
t o  15OF, t h e  flow f i e l d  i s  ba re ly  v i s i b l e  when viewed by eye and does  n o t  produce 
adequatz i l l u m i n a t i o n  f o r  good photographs. The photographs show t h a t  t h e  b e s t  dew 
p o i n t  a t  M = 2.35 i s  between 25OF and 30°F. As t h e  dew p o i n t  approached 45OF, t h e  
fog d e n s i t y  was s o  t h i c k  t h a t  t h e  p o r t i o n  of  t h e  model on t h e  camera s i d e  of t h e  
vapor sc reen  was blurred.  

E f f e c t  of Reynolds Number 

As seen i n  t h e  vapor-screen photographs,  v a r i a t i o n  of tunne l  Reynolds number a t  
M = 2.35 ( f i g .  10; shows a n  e f f e c t  s i m i l a r  t o  t h e  dew-point e f f e c t  d i s c u s s e d  p rev i -  
ously  ( f i g ,  9 ) .  That is, i n c r e a s i n g  t h e  Reynolds number from 1.0 x 106 t o  4.5 x 10 6 
pe r  f o o t  by varying t h e  p r e s s u r e  (whi le  mainta ining a c o n s t a n t  dew p o i n t  of 30°F) 
appears  t o  i n c r e a s e  t h e  fog d e n s i t y  t o  t h e  p o i n t  a t  which t h e  model a t  t h e  h i g h  
Reynolds number is  bare ly  v i s i b l e .  Fur the r  t e s t s  i n d i c a t e d  t h a t  t h e  optimum vapor 
sc reen  i n  t h e  h igher  Reynolds number range (about  4.0 x 106 t o  4.5 A 106 Per f o o t )  
r equ i red  a r educ t ion  i n  t h e  dew p o i n t  t o  about  15OF t o  20°F. The t r e n d s  shown a r e  
r e p r e s e n t a t i v e  of t h e  t e s t  range of  Mach numbers. 



Application and Analysis 

The information provided by vapor-screen photographs, although q u a l i t a t i v e  i n  
nature ,  can be used t o  analyze complex flow f i e l d s .  Three types of phenomena a r e  
defined by the vapor-screen technique. The f i r s t  type is the change i n  flow dens i ty  
through oblique shock waves. This change r e s u l t s  i n  a s i m i l a r  change i n  fog dens i ty  
t ha t ,  when il luminated, provides a c l e a r  d e f i n i t i o n  of the  shock pos i t i on  and 
shape. The second type involves a flow phenomenon r e s u l t i n g  from boundary-layer 
separat ion such a s  wakes, vortex feed shee ts ,  and vortex cores. Apparently, during 
t h e  process of flow separat ion,  p a r t i c l e s  a r e  no t  convected across  the  shear  l i n e  
i n t o  the wake flow. As a r e s u l t ,  the  absence of p a r t i c l e s  t o  i l lumina te  w i l l  cause 
wakes, feed shee ts ,  and vortex cores  t o  appear dark or  t ransparent .  A t h i r d  type of 
phenomenon involves a phase change of the v i s i b l e  condensate (or  i c e  c r y s t a l s )  t o  t he  
t ransparen t  gaseous s t a t e  (vapor 1 i n  a flow region where la rge  temperature grad ien ts  
a r e  present .  

I l l u s t r a t e d  i n  f i gu re  11  a r e  examples of the  f i r s t  two types of flow phenomena 
t h a t  a r e  t yp i ca l  of most vapor-screen photographs. 'Ihe bow shock is c l e a r l y  v i s i b l e  
a s  indicated by the d i f f e r e n t  i n t e n s i t y  leve ls .  The vortex feed shee t s  and vortex 
cores formed by flow separat ion on the  s ides  of the body appear e i t h e r  a s  t ransparen t  
a r ea s  o r  a s  dark areas  without p a r t i c l e s  presen t  t o  r e f l e c t  t h e  l i gh t .  

Vapor-screen photographs a r e  o f t en  d i f f i c u l t  t o  i n t e r p r e t  because they show a 
two-dimensional view of the  flow f i e l d  with a three-dimensional view of the  model 
exposed beyond the vapor screen. Also, the dark shadows c a s t  by  the model from the  
l i g h t  source sometimes appear a s  p a r t  of the model, which may add t o  t h e  confusion 
( f i g .  11). 

To obta in  an ove ra l l  view of the shock-wave/vortex-wake pa t t e rn ,  a s e r i e s  of 
photographs can be taken along the  length of the model. These can be obtained with 
e i t h e r  the  i n s ide  o r  ou ts ide  camera setllp, with each method having c e r t a i n  advan- 
tages.  For example, a s e r i e s  of photographs taken with the ou ts ide  camera provide a 
perspect ive view of the o v e r a l l  flow f i e l d ,  a s  shown i n  t he  photographs of f i g -  
ure 12 (a ) .  By properly choosing the l i g h t  and camera pos i t ion ,  the  shadow can be 
eliminated. A s imi l a r  composite d i sp lay  can be obtained from photographs taken with 
the  i n s ide  camera; however, the  view is more r e s t r i c t e d  t o  the  flow pa t t e rn  a s  seen 
from the  r e a r  of the model ( f i g .  12(b 1. Photographs obtained by using t h e  i n s i d e  
camera show a flow pa t t e rn  i n  a plane normal t o  the free-stream flow, and therefore  
more accurate  measurements of the  shock and vortex loca t ions  can be obtained. 

Examples of photographs taken with the  i n s ide  camera, a s  shown i n  f i gu re  13, a r e  
r e a r  views of a t yp i ca l  cruciform missile model a t  various s t a t i o n s  f o r  a = 11.5O, 
23.2O, and 35.2O. The phc ?graphs of f i gu re s  14 (a )  and 14(b)  show t y p i c a l  vapor- 
screen photographs obtained on a f ighter- type a i rp lane  configurat ion a t  various 
s t a t i o n s  f o r  a = 3O and 10°, respect ively.  

Vapor-screen photographs a r e  used f o r  a d i r e c t  comparison with t h e o r e t i c a l  
ca l cu l a t i ons  of the shock displacement and vortex pa t te rns .  The use  of vapor-screen 
photographs t o  eva lua te  theory i s  shown i n  f i gu re  15. Analyt ical  methods were devel- 
oped and reported i n  reference 11 t o  p r e d i c t  the s t r eng th  and pos i t ion  of the  v o r t i -  
ces  on c y l i n d r i c a l  miss i les  with wing and t a i l  f i n s .  Figure 15 shows a corpar ison of 
the t heo re t i ca l  vortex pos i t ion  and s i z e  with vapor-screen photographs taken i n  a 



plane a t  t h e  a f t  end of the  m i s s i l e  a t  va r ious  r o l l  angles .  The e x i s t e n c e  of t h e  
vapor-scre?n d a t a  i n  t h i s  case  provided a q u a l i t a t i v e  means of e v a l u a t i n g  the  vor tex-  
t r a c k i n g  '.heory and r e s u l t e d  i n  a high degree of conf idence i n  t h e  accuracy of the  
o v e r a l l  a n a l y s i s  of r e fe rencb  1 1. 

The high-qual i ty  r e s o l u t i o n  a v a i l a b l e  I n  t h e  vapor-screen photographs ob ta ined  
i n  the  UPWT has  made p o s s i b l e  a d e t a i l e d  a n a l y s i s  of complicated l e e s i d e  wake 
flows. Reference 12 r e p o r t s  on t h e  e x i s t e n c e  of a l e e s i d e  c e n t e r l i n e  wake t h a t  i s  
formed as a r e s u l t  of flow s e p a r a t i o n  on t h e  b l u n t  nose of a body a t  moderate a n g l e s  
of a t t a c k  ( f i g .  1 5 ( a ) ) .  The e f f e c t  of nose shape i s  c l e a r l y  seen by comparing t h e  
l e e s i d e  vapor sc reens  Ecr a blunt-nose and a sharp-nose ces ign  of a monoplanar m i s -  
s i le conf iqura t ion  having an  e l l i p t i c  body c r o s s  sec t ion .  (See f i g s .  1 6 ( a )  and 
l 6 ( b ) ,  r e s p e c + i v e l y . )  Sch l ie ren  and vapor-screen photographs complement one ano ther  
and a r e  o f t e n  used toge ther  i n  t h e  flow ana lys i s .  S c h l i e r e n  photographs, t h e r e f o r e ,  
a r e  a l s o  shown i n  f i g u r e  16 t o  a i d  i n  unders tanding t h e  flow. A f u r t h e r  i n v e s t i -  
ga t ion  i n t o  t h e  behavior of t h i s  c e n t e r l i n e  v.ake w a s  i n i t i a t e d  by us ing  vapor-screen 
photographs f o r  t h e  b a s i s  of t h e  study. The unusual behavior of t h i s  wake a t  model 
angle  of a t t a c k  and r o l l  p o s i t i o n  is shown i n  f i g u r e  17. The a n a l y s i s  p resen ted  i n  
re fe rence  13 i n d i c a t e s  t h a t  t h i s  l e e s i d e  wake fol lows t h e  upper-surface s t r e a m l i n e s  
and becomes a t t a c h e d  t o  t h e  body vor tex  feed  shee t .  No known a n a l y t i c a l  methods a r e  
c u r r e n t l y  a v a i l a b l e  f o r  t r ea tment  of such complex flows; nor do any exper imental  
methods e x i s t  f o r  a c c u r a t e l y  measuring t h e  p r o p e r t i e s  of t h i s  complex flow. However, 
a s  a f i r s t  s t e p  toward measurement and a n a l y s i s ,  vapor-screen photographs, such a s  
those  i n  f i g u r e  17, can be used t o  understand t h e  c h a r a c t e r  of t h e  flow. 

Vapor-screen photographs have a l s o  be-n used i n  conjunct ion wi th  s u r f a c e  p res -  
su res ,  o i l  flow, and t u f t s  t o  c l a s s i f y  ser-.rated-flow cor ldi t ions  on t h e  upper s u r f a c e  
of wings, a s  i l l u s t r a t e d  i n  f i g u r e  18. k c h  t u f t  and o i l - f low photographs were used 
t o  determine s u r f a c e  flow d i r e c t i o n .  The t u f t s  tend t o  r e f l e c t  t h e  v e l o c i t y  d i rec -  
t i o n  a t  t h e  edge of the  boundary l a y e r ,  and o i l  s t r e a k s  show t h e  d i r e c t i o n  of f low on 
t h e  s u r f  ace. Cnly the  vapor-screen f low-visuali .zation technique provides  f low-f i e l d  
in£  ormation on the  s i z e ,  shape,  and l o c a t i o n  of t h e  vor tex.  

Vapor-screen r e s u l t s  provided t h e  b a s i c  i n f o r n a t i o n  r e q u i r e d  t o  d i v i d e  t h e  £101 
on t h e  upper s u r f a c e  of f l a t  d e l t a  wings c l e a r l y  i n t o  seven d i s t i n c t  f low c l a s s i f i -  
c a t i o n s  ( r e f .  14).  Freviously ,  only t h r e e  flow c l a s s i f i c a t i o n s  had been i d e n t i -  
f i ed .  Typical  vapor-screen photographs of each of t h e  seven cond i t ions  a r e  shown i n  
f i g u r e  19. The s e w n  flow c l a s s i f i c a t i o n s  have been . \ d e n t i f i e d  a s  follows: 
(1  ) cl .assica1 vor tex,  ( 2 )  vor tex  wi th  shock, ( 3)  s e p a r a t i o n  bubble wi th  no shock, 
( 4 )  s!.!?aration bubble wi th  shock, i 5 )  no shock/no s e p a r a t i o n ,  ( 6 )  shock wi th  no 
separa t ion ,  and ( 7 )  shock-induced separa t ion .  The a n a l y s i s  of r e fe rence  14 (made 
p o s s i b l e  by high-qual i ty  vapor-screen photographs) p rov ides  guidance f o r  t h e  develop- 
ment of advanced t h e o r e t i c a l  methods a s  we l l  a s  a means of exp lana t ion  f o r  wing 
behavior under separated-flow condi t ions .  

Vapor-screen r e s u l t s  can be g r e a t l y  enhanced wi th  t h e  use  of i n t e r a c t i v e  graph- 
i c s .  An example of a comput,r-generated drawing of v o r t i c e s  produced by an e l l i p -  
t i c a l  body is i l l u s t r a t e d  i n  f i g u r e  20. lb produce t h i s  i l l u s t r a t i o n ,  t h e  camera 
mounted i n s i d e  t h e  t e s t  s e c t i o n  i s  used t o  provide s e v e r a l  vapor-screen photographs 
a t  var ious  body s t a t i o n s .  The v o r t i c e s  a t  t h e s e  body s t a t i o n s  a,re then d i g i t i z e d  and 
pu t  i n t o  an i n t e r a c t i v e  color-graphics  d i s p l a y  system t h a t  produces a very r e a l i s t i c  I 

thres-3imensiona.l vor tex  model u s i n g  s e v e r a l  c o l o r s  t o  emphasize d e t a i l .  This method 
a l lows the  model with v o r t i c e s  t o  be viewed from any angle ,  thus  providing p i c t o r i a l  
i l l u s t r a t i o n s  f o r  q u a l i t a t i v e  ana lys i s .  



CONCLUDING REMARKS 

The vapor-screen technique f o r  flow v i s u a l i z a t i o n  i n  t h e  Langley Unitary Plan 

.G Win? Tunnel (UPWT) has  been p resen ted  wi th  a d e s c r i p t i o n  of t h e  l i g h t  sources  and 
photographic equipment used. The tests have been conducted over t h e  nominal oper-  

.. . a t i n g  s ~ e e d  range of t h e  f a c i l i t y  w1.th a v a r i a t i o n  i n  l i g h t  i n t e n s i t y ,  camera 
, s e t t i n g ,  and tunnel  fog  d e n s i t i e s  t o  determine t h e  c o n d i t i o n s  requ i red  t o  o b t a i n  t h e  

optimum vapor-screen photographs. 

The r e s u l t s  show t h a t  t h e  l i g h t  i n t e n s i t y  and camera s e t t i n g ,  v a r i a t i o n  i n  tun- 
) t -. n e l  dew ;ioint ,  Reynolds number, and tunne l  s t a g n a t i o n  temperature a l l  have a s i g n i f i -  

c a n t  e f f e c t  on t h e  q u a l i t y  of vapor-screen photographs. 

A number of t y p i c a l  vapor-screen pho to l~ra  :hs of va r ious  flow p a t t e r n s  have been 
presented t o  i l l u s t r a t e  both t h e  q u a l i t y  of t h e  photographs and how they a r e  used i n  
flow ana lys i s .  

The use  of t h e  vapor-screen technique i n  t h e  UPWT, which complements t h e  devel-  
opment of t h e o r e t i c a l  codes, has  proven t o  be a valuable  t o o l  f o r  i n t e r p r e t i n g  con- 

*. 
p l e x  three-dimensional flow f i e l d s .  
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\Optimum range 

Figure 4.- Tunnel operating conditions for optimum vapor screen a t  nominal 
6 test unit  Reynolds number of 2.0 x 10 per foot .  Mach number range 

includes both t e s t  sect ions.  



More dense 

Less dense 

Figure  5.- Comparison of vapor-screen dew-point values  wi th  condensat ion 
boundaries (assuming a supercool ing i n c r e n e n t  of 54'P). R = 2.0 x 1 o6 
per foo t .  



F - ;  ( a )  S ing le  l i g h t  from r i g h t  s i d e .  

(b )  Single  l i g h t  from l e f t  s i d e .  

1- 
I.. . (c )  Lights from both s i d e s .  

6 8 5 - 8 6  

Figure 6.- E f f e c t  o f  l ight-source  locat ion  on vapor-screen photographs 
(camera on r i g h t  s i d e ) .  M = 2.96; a = 22O. 
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( a )  Blunt-nose body. 

Figure 16.- Vapor-screen photographs of e l l i p t i c  monoplanar missile 
ref. 12) .  M = 2.5; a = I S 0 .  

(from 
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L-85-101 
(b Sharp-nose body. 

Figure 16.- Concluded. 





L
-
8
3
-
8
1
2
3
 

F
ig

u
re

 
1

8
.-

 
E

x
p

er
im

en
ta

l 
d

a
ta

 
u

se
d

 
to

 e
v

a
lu

a
te

 
fl

o
w

 o
n
 

le
e

si
d

e
 o

f 
d

e
lt

a
 w

in
g 

(f
ro

m
 r

e
f.

 
1

4
).

 



F
ig

u
re

 
1

9
.-

 
F

lo
w

 
c

la
ss

if
ic

a
ti

o
n

s 
o
v
er

 d
e

lt
z

 w
ic

g
 
u

si
n

g
 M

P
O

r 
S

cr
ee

n
 

(f
ro

m
 

r
e

f.
 

1
4

).
 



3RIGWAL PAC:': ''97 
3F POOR OUALi'iY 

L-85-102 

Figure 20.- Example of a computer-generated drawing o f  v o r t i c e s  produced by 
an e l l i p t i c a l  body. 
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